Abstract. Forest management has substantially altered Fennoscandian forests through clear-cutting practices started during the 1950s. Impacts on the natural biodiversity in mature boreal forest have been inevitable. The Capercaillie (Tetrao urogallus) is often regarded as an indicator species for natural old growth forest, displaying on traditional lek sites during spring. In a heterogeneous forest landscape of two adjoining municipalities in central Norway we studied whether forest management or other environmental factors can have influenced the lek distribution. We identified 15 active leks and 12 recently abandoned leks. The maximum entropy distribution modelling (MaxEnt) was used to investigate factors associated with lek distribution at two different scales, where the scale reflecting the lek site areas gave the most adequate result. Active leks were predominantly associated with mature stands of forest. In 65% of the study area the habitat suitability for lekking was most influenced by forest management. Furthermore, the recently abandoned leks were found less frequently in low productive and mature forests than the still active ones, implying that previous leks in productive forest stands may have been lost through logging. Based on our data we have developed models for the predicted distribution and the current limiting factors, showing that altered forest management could improve lek site suitability in large parts of this boreal forest.
The loss of natural habitats through human use is the dominant factor for the loss of biodiversity worldwide (e.g. Millennium Ecosystem Assessment 2005). In boreal forests a combination of taxon-specific management strategies might be required to sustain the natural biodiversity (Mönkkönen et al. 2014) . However, birds and vascular plants seem in general to be better indicators and economically more efficient than other taxa for monitoring the preservation of the overall biodiversity in these landscapes (Juutinen & Mönkkönen 2004) , and in boreal forests, the Capercaillie is one of the most suitable indicator species (Suter et al, 2002 , Pakkala et al. 2003 , Segura et al. 2014 , Mikoláŝ et al. 2015 , especially at greater lek sites (Johansson & Hellenberg 2017) .
In Fennoscandia forestry has substantially changed the forest landscape over the last 50 to 60 years. New forest management practices, notably the increase in clear-cutting, have fragmented the boreal forest, and resulted in decreasing populations of a large number of plant and animal species (Essen et al. 1992 , Edenius & Sjöberg 1997 , Thingstad et al. 2003 . However, modern commercial forestry is also regulated. In Norway the Forestry Act («Skogbrukslova») and the Nature Diversity Act («Naturmangfoldlova»), are implemented to maintain the biological biodiversity in boreal forests, and the vitality of populations of naturally occurring species at a long-term scale. This may cause some conflicts between the commercial and conservation interests.
The western Capercaillie (Tetrao urogallus) prefers coniferous forests with extensive well-grown tree stands in the latest succession stages (Cramp & Simmons 1980 : 433, Saniga 2003 . In the past it was distributed through most of the European boreal zone. Serious declines in western and central Europe populations during recent decades have resulted in local extinctions (Blair et al. 1997 , BirdLife International 2016 , and accordingly the Capercaillie is red-listed throughout many European countries (Storch 2001) . Its present core area is within Fennoscandia and the western part of Russia.
The Capercaillie has a polygamous lek mating system. During spring time the birds display collectively at more or less traditional lek sites, surrounded by the males' day territories. Larger leks may require suitable daytime roosting areas up to one km from the lek centre (Rolstad & Wegge 1987 , Storch 1997 , 2001 , Kortland 2006 , demonstrating the large-scale habitat requirements of this species. In forest management plans the Capercaillie should be given particular consideration within the nearest 300 m from the lek centres (Rolstad & Andersen 2003) .
In Norway a typical lek size is around 5 hectares (Rolstad & Andersen 2003) . These leks are typically spaced around 2 km apart in the boreal forest landscape (Wegge & Rolstad 1986; Pakkala et al. 2003) . The preferred vegetation types at the leks show some variations according to the geographic position, even though mature conifer forest with sufficient amount of bilberries (food), good shelter conditions and adequate overall forest cover in the immediate distance from the displaying area is of great importance (Gregersen & Gregersen 2008 , Johansson & Hellenberg 2017 . Today the areas covered by mature forest may be too sparse to explain the lekking-area persistence of the Capercaillie in many European areas where it still occurs (Quevedo et al. 2006 , Sirkiä et al. 2011a ). Thus, more recent studies have indicated that the forest structure is more important than the age of the forest, as leks are found within young and commercial forest with appropriate thinning as well (Stroch 2001 , Miettinen et al. 2008 , Watson & Moss 2008 , Sirkiä et al. 2010 , inter alia in southeastern Norway (Rolstad & Wegge 1987 , 1989a ,b, Rolstad 1991 . Here some of the succeeding new plantations after the clear-cutting practice, which started in the 1950s, have now grown older (and are mostly over 30 years of age), and new leks have been reported to be established in these middle-age stands (Rolstad et al. 2007 , Wegge & Rolstad 2011 ).
In our study we aim to verify the current habitat preferences for the Capercaillie´s lek sites and their surroundings in an active heterogeneous managed boreal forest landscape in central Norway, where there is a significant amount of young and middleage forest. Given the disclosed preferences we would produce models for the predicted distribution of leks and their most important daytime areas. Finally, but not Thingstad et al. least important, we try to give a model for the limiting factors given the current situation. This approach can hopefully be transformed to management actions which can maintain and even improve the preferred habitat for the Capercaillie over a larger landscape scale.
METHODS

Lek survey
Over the last seven years (2009) (2010) (2011) (2012) (2013) (2014) (2015) we collated information spanning two decades and surveyed all known Capercaillie leks in Trondheim (the old delimitation without Klaebu) and Malvik municipalities in central Norway (data sources are given in the Acknowledgements). These municipalities, which have a total land area of approximately 510 km 2 , have a considerable proportion of conifer forest with different degrees of commercial timber harvesting and suitability for the Capercaillie (about 300 km 2 ; Figure  1 ). We visited all known lek localities for at least one night during the optimal displaying period (late April to early May). During the same period we also surveyed the wider forest landscape for signs of further leks (in periods with snow on the ground). In total 27 lek sites were identified as being active at some point over the last three decades; 15 of these were found to be currently active (displaying cocks registered during the survey periods) and 12 have been totally abandoned or have collapsed ("NA-leks" and previous large leks that are now at most supporting a solitary male; cf. Table 1 ). The localities of the leks in this study are intentionally withheld due to conservation and ethical concerns. 
Environmental data
Spatial topographical and forest structure data were collected for the two municipalities of Trondheim and Malvik. These are summarised in Table 2 . A digital elevation model was obtained from the Norwegian Mapping Authority and the variables elevation (m), slope (degrees) and aspect (four cardinal categories N, E, S and W facing) were used in subsequent analyses. Forest productivity maps were obtained from the Norwegian Mapping Authority where forest stands are classified as unproductive, low productivity, medium productivity or high productivity (Table 3) . Forest cutting class (successional stage since clear cutting) was classified on the basis of municipality forest management records, updated in 2008 (Trondheim) and 1999 -2006 . The forests were classified according to time since clear-cutting (3 categories) adjusted for the forest productivity (4 categories including unproductive). We updated this information where more recent clear cuts were observed at the leks and in the immediate surroundings. The total coverage of the forest types and their distribution within the four different productivity classes is provided in Table  4 . Consequently, the forest classifications should correspond with the actual conditions at the lek sites during our registration period. As two Capercaillie leks were found very close to the border between Malvik and the neighbouring municipality (Stjørdal) the study area and environmental variables were extended one km beyond the municipality boundary in these regions.
Distribution modelling
Capercaillie leks occur infrequently within the landscape. We therefore used the MaxEnt approach to investigate the distribution of Capercaillie leks within our study area (Elith et al. 2011) . MaxEnt was selected since it has been shown to be amongst the best performing distribution modelling approaches, particularly at low sample sizes (Hernandez et al. 2006 , Pearson et al. 2007 , Wisz et al. 2008 .
A Capercaillie lek usually covers relatively large areas. To reflect this all the environmental variables were aggregated from a 25 × 25 m grid to a 250 × 250 m grid (lek scale) and a 600 x 600 m grid (daytime areas scale reflecting the most important surrounding habitats of a lek). The mean value of aggregated cells was calculated for continuous variables, and the modal value (most frequent) for categorical variables.
The random selection of background environmental points was limited to regions with forest cover (the coloured areas in Figure 1 ). The MaxEnt logistic output for active lek presence at ordinary occurrence points was set to 0.5 (Elith et al. 2011) . The model was cross-validated by dividing the dataset into 5 sets and training with four sets and testing with the remainder, and replicating this process five times. Response curves and percentage contributions of all variables were calculated as the mean (± standard deviation) from each of the five replicate runs. Predictions from the model were made across the whole (forested) study area. We also identified the factor limiting the probability of lek occurrence at each point across the study area using a limiting factors analysis; limiting factor analysis identifies the single variable that most influences model predictions at each cell across the study region (Elith et al. 2010 ). The final model predictions and the limiting factor maps were disaggregated back to 25 x 25 m and masked by forest cover at the original 25 x 25 m resolution to ensure that the model predictions were not extended beyond the range of forest land cover. Note that our approach identifies habitat suitability for lek locations, but due to the spatial segregation of lek sites, it does not allow us to estimate potential lek density across the study region. Data were processed and analysed in the R statistical environment (R Core Team 2014), using the packages 'raster' (Hijmans 2015) and 'dismo' (Hijmans et al. 2014) . Maxent version 3.3.3k was used to develop the MaxEnt models (Phillips et al. 2004; Phillips et al. 2006 , https://www.cs.princeton. edu/~schapire/maxent/). MaxEnt was tuned using the package EMNeval (Muscarella et al. 2014) . Models were run with regularization parameters between 0.5 and 4.0 (increasing in steps of 0.5) and allowing either linear, hinge, linear + quadratic, linear + quadratic + hinge, linear + quadratic + hinge + product and linear + quadratic + hinge + product + threshold features. The selected model included the parameter combinations that provided the minimum AICc value: that was regularization parameter of 2.5 and allowing linear and quadratic features only (Supplementary Figure S1) . Finally, we extracted the environmental data for all lek sites and used t-test (continuous variables) and Fisher's exact test (categorical variables) to test whether abandoned and active leks differed in environmental characteristics.
RESULTS
We surveyed a total of 27 lek localities (Table 1) . Of these, 15 were active (status L, M or S) with at least one displaying male observed on at least one occasion during our inspections in the period 2009 to 2015, while 12 had been totally abandoned or collapsed since 2000.
At the lek scale (250 × 250 m), the relative suitability for lek occurrence was higher in mature forests than in any other forest type (Figure 2a) . It was also higher in low productivity forests than unproductive forests, or medium or high productivity forests (Figure 2b) . The relative occurrence of leks was highest in north facing sites (Figure 2c ), and increased with elevation up to certain levels (Figure 2d ). Slope was indifferent ( Figure   Thingstad 2e). Forest classification was the dominant factor in the model (Figure 2f ), contributing 75.2 % (± 15.2) to the full model, followed by forest productivity (16.3 % ± 17.4). The topographical variables aspect (5.4 % ± 4.2) and elevation (3.0 % ± 2.5) contributed less to the model, and slope did not contribute at all (0%). The area under the receiver-operating characteristic curve (AUC) for the MaxEnt model presented here was 0.886 (SD = 0.052), where a value of 0.5 indicates a model performing at random and a value approaching 1.0 indicates perfect discrimination between presence and background points in the model validation. At the daytime area scale (600 × 600 m) forest productivity was the dominant variable in contributing to the model of lek distribution (81.7% ± 9.0). Lek suitability at this scale was greatest again within low productive and mature forests and at high elevations (Figure 3 2 ) of the study area (Figure 4b ). Patches of forest where lek occurrence was limited most by forest classification had a lower relative lek occurrence rate than where lek occurrence was limited by other factors (Figure 4c) .
On average the active lek sites consist of 58.4 % (± 22.0) mature forest, while the abandoned ones consist of 30.7 % (± 27.5) mature forest; the mean value for our forested study area is 30.6%. At the larger spatial scale (daytime areas), forest productivity seemed to be limiting the habitat suitability for total lek areas in the majority (61.5%) of the study forest area ( Figure  7) . Forest classification was the limiting factor in only 13.5% of the study area at this scale (Figure 7) . Abandoned leks were registered less frequently than active leks in low productivity forests (Fisher´s exact test p = 0.035, Figure 8a ), and more frequently at clear-cuts/young stands and middle-age forest stands (Fisher´s exact test p = 0.006, Figure 8b ). Active and abandoned leks did not differ in terms of aspect, slope or elevation (p > 0.05, Figure 8c -e).
DISCUSSION
In this study we examined predictors of the geographic distribution of Capercaillie leks in the managed boreal forests in two central Norwegian municipalities. We found that forest classification was the dominant factor in predicting the occurrence of Capercaillie leks at the lek area scale in these forests, and that forest management limited the suitability of forest for lek occurrence over the majority of the forested area. The presence of leks was associated with the location of mature forest stands. At the daytime area scale forest productivity seemed to be the limiting factor with highest relative occurrences in low productive forests. The forest landscape in our study area is naturally quite heterogeneous and has a spatial fine-grained configuration, thus normally containing a certain portion of mature forests at greater scales, which may obscure the Capercaillie dependence of mature forest at our daytime area scale. Moreover, our registered 12 abandoned leks were better represented in productive forest and early successional stages following clear cutting than currently active leks. This indicates that it is not necessarily the Capercaillie preference that excludes leks in more productive forests, but rather the forestry prevalence for logging the most profitable stands and thereby leaving too little areas with mature forest on more productive soils.
Given the normally small-scaled habitat mosaic in the central Norwegian boreal forest landscape, the habitat requirements under other phases of the Capercaillie life story will normally not be a limiting factor for a vigorous population. Therefore, the focus of our findings will be upon those detected on the lek area scale, as they represent a foundation for adequate forest management guiding. In Norway, clear-cutting has been widespread for several decades (more than 50 years). In some regions Capercaillie leks have now become established in secondary successional productive plantation forests (Rolstad et al. 2007 , Wegge & Rolstad 2011 , and they can show some flexibility when their lek areas are clear-felled by searching for new suitable lek sites in the surroundings, and to some extent they are even capable of adapting to new conditions (Ringaby 2014) . It is likely that the many forest stands formed through secondary succession on previous clear-cuts have developed into stands with too dense tree cover, as they have not passed through the requisite advanced thinning practice (Miettinenen et al. 2008 , Lakka & Kouki 2009 , Wegge & Rolstad 2011 . We found no evidence for active lek occurrence being associated with forest stands in the middle-age stage in our area. However, small patches of clear-cut forests may mimic the Capercaillie´s original preferences toward more open elevated forest intermingled with bogs and glades (Juana 1994 , Hjort 1996 , and such small clear-cuts were associated with some of our active lek sites. The canopy cover as well as the horizontal cover close to ground might be of more importance than the age of the forest (Miettinen et al. 2010) . Anyhow, as long as the forested landscape still contains a sufficient proportion of mature and/or "structurally suitable" forest, Capercaillie should be able to persist within these central Norwegian boreal forest landscapes (cf. Ringaby 2014) . As isolated forest fragments smaller than 100 ha are not suitable for the Capercaillie (e.g. González et al. 2012) , such patches of forest can be excluded from this management regime.
Forest classification (i.e. stage following clearcutting) limits the occurrence of leks within as much as 196 km 2 (65%) of the study region. In these areas alternative management regimes could increase the suitability of forest for Capercaillie leks. The most obvious one is to allow a greater proportion of forest stands to reach and stay in the preferable mature stage, but this is not necessarily an economically sustainable approach. For the benefit of Capercaillie, it is important to manage the forest in such a way that it allows the forest stands to succeed with multiple tree layers and adequate canopy cover as well as cover close to ground (Miettinen et al. 2009 (Miettinen et al. , 2010 . Simultaneously the tree density should be prevented from becoming too high, as in many younger plantations where a dense and uniform tree layer reduces the outlook and represents a flying obstruction for the Capercaillie (Finne et al. 2000) . This advanced thinning practice (Rolstad & Andersen 2003 , Miettinenen et al. 2008 , Lakka & Kouki 2009 Wegge & Rolstad 2011) needs to be implemented to greater extent and on earlier successional stages than under the past regimes.
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is the factor that has reduced the suitability of forest for lekking over the majority of the forested area in our study region. Within the northern Finnish boreal forests Miettinenen et al. (2009) noticed a shift in the Capercaillie preference from mature stands during 1989-1992 to a positive association with younger advanced thinning stands during [2000] [2001] [2002] [2003] . However, so far we have not found evidence of such a shift in our study area.
Our findings suggest that there is a potential to strengthen the current Capercaillie population significantly, as we find a large area where an altered forest management could improve the suitability for lek sites. This presumes a forest management regime that is better adjusted to the habitat requirements for the Capercaillie. By doing that, since the Capercaillie is an umbrella species (Suter et al. 2002 , Pakkala et al. 2003 , the overall biodiversity of the natural boreal forests should also be better maintained, and thereby fulfil the objectives of relevant legislation (e.g. the Nature Diversity and Forestry Acts). The limiting factors map could be used as a tool for the local forestry, e.g. showing areas where they should perform the necessary thinning practice for achieving forest with qualities for Capercaillie and forestry economy in the future. However, leaving sufficient forest areas to reach and stay in the mature phase until new stands can achieve the adequate successional stages will be of most importance for the local Capercaillie populations. Hopefully, given the use of the recommended thinning regime, some of the middle-age forest stage might also provide the right conditions for lek performance of the Capercaillie in central Norwegian boreal forest landscapes in the future. Given those conditions, we then may log some of the current remaining old growth forest stands within the Capercaillie habitat (at the daytime area scale) without affecting the local Capercaillie populations.
